The study of photobiological phenomeina in liquid medium has been the subject of extensive investigation, aind the various physicochemical changes and alterations of biological characteristics produced in species exposed to radiation have beein observed. However, fundamental mechanisms coincerined with such changes are still obscure. Since photochemical studies on some biologically significant compouinds at low temperatures have revealed many promising aspects for fundamenital studies (Heinimets, to he published), it was considered of interest also to investigate the photobiological phenomena at low temperatures.
1949) was the G. E. H-4 mercury lamp. Samples were exposed at a distance of 46 cm. In order to avoid undesired photoreactivation of organisms during handling, working lights were shielded with red-yellow filters (Kelner, 1949) . Bacterial samples were kept at constant temperatures during periods of exposure to visible light.
Inactivation of E. coli by ultraviolet radiation as a function of the thickness of frozen suspension. The first exploratory experiments indicated that inactivation Exposure Time (Seconds) Figure 1 . Influence of the 02 and N2 on inactivation of Escherichia coli by ultraviolet radiation. Bacterial solution was nitrogenated and oxygenated by bubbling gas (30 min-' utes) through the liquid samples. Subsequently, samples were frozen at -70 C and exposed to ultraviolet radiation (curves 1 and 2). Another bacterial sample was exposed at +25 C to ultraviolet radiation (curve 3).
by ultraviolet of E. coli in the frozen state did occur. Studies also demonstrated that a decreasing inactivation rate is associated with increasing layer thickness. Our selection of a 4 mm layer depth for all of the following experiments was found to be most practical for experimental purposes.
It was of interest to compare the dose survival curves when E. coli was exposed to ultraviolet radiation in the frozen and liquid states. Figure 1 , curve 3, shows the dose survival relation of the experiment which was performed in liquid state. Here the medium contained its normal air content. Curves 1 and 2 repre-sent dose survival relationships of E. coli suspended in a medium saturated with 02 and N2, respectively, and exposed to ultraviolet radiation at -70 C. These curves are similar to experimental curves in the liquid phase, where large amounts of total ultraviolet energy are absorbed by the medium. In the frozen state a remarkable difference in inactivation rate is exhibited by samples containing 02 and N2. Experiments performed at various subfreezing temperatures are difficult to compare since ultraviolet absorption by the medium is strongly dependent on temperature. The degree of crystallization of ice depends on temperature and this in turn influences the light scattering properties of ice. Experiments indicate that the saturation characteristics of the dose survival curve are more pronounced at lower temperatures. This would be expected since transmission through the medium is decreased.
It has also to be emphasized that statistical variations of the experimental results at low temperatures are much larger than those in the liquid phase. Data shown represent several experiments. This variation is expected since many new variables appear, such as the degree of crystallization of the medium being not only a function of temperature but also a function of time.
Influence of temperature. In order to study the temperature influence specifically and to avoid variable temperature effects of the medium (ice), it was decided to perform experiments with bacteria in the dry state.
Since in our experiment set-up the samples had to be exposed to ultraviolet in open containers in the presence of room air, no attempt was made to free the bacteria from moisture to a very high degree. Liquid bacterial samples (1 ml) were desiccated in vacuum over calcium chloride, cooled to various temperatures, exposed for 120 seconds to ultraviolet radiation, resuspended, and plated. A pronounced temperature effect (figure 2) seems to appear in the -35 to 40 C region (curve 2). the pH range of 6 to 10, using the phosphate buffers. Bacterial samples were suspended in solutions of various pH and exposed to ultraviolet radiation for 30 sec at +5 C and -70 C. Corresponding unexposed control samples showed no marked change in viability. Radiated samples in the liquid phase (+5 C) exhibited a general decrease in the number of viable organisms, but no specific pH effect was noted in this range. However, at -70 C, in the pH range of 8 to 9, a definite change in the inactivation rate was observed. In the pH range of 8 to 10 a progressive increase in the inactivation rate was noted. Temperature (entrigrodes) Figure 2 . Influence of temperature on inactivation of Escherichia coli by ultraviolet radiation. Bacterial samples in dry state or in saline suspension were exposed to ultraviolet radiation at various temperatures.
Curve 1-B. coli in saline exposed to ultraviolet for 30 seconds; Curve 2-E. coli in dry state, radiated for 120 seconds; Curve 3-E. coli unradiated, stored for few hours at various temperatures.
Photoreactivation. Observations by Kelner (1949) have demonstrated that partial reactivation takes place when ultraviolet radiated organisms were subsequently exposed to visible light. His later studies indicated that the peak of the action spectra of photoreactivation for E. coli, strain B/r, lies near 4,000 A (Kelner, 1950) . Similar studies by Knowles and Taylor (1950) revealed the peak of the action spectra at 3,650 A for E. coli (strain not given). Since photoreactivation of radiated bacteria indicates the reversibility of a photobiological process and offers important aspects for fundamental studies, it was of great interest to explore such a phenomenon also at subfreezing temperatures. In order to gain some insight into the photoreactivation process, a series of experiments was performed where the interrelationship was studied between ultraviolet inactivation and photoreactivation in liquid and frozen states.
Results for the first set of experiments are represented in figure 3. In the liquid phase the dose survival relationship exhibits the usual linear characteristics. Photoreactivation after exposure to the HA lamp for 60 min is shown to increase the number of viable organisms 0.4 to 1.0 log units ( Figure S . Influence of state of the medium on photoreactivation of ultraviolet radiated Escherichia coli. Bacteria suspended in distilled water and exposed at +5 C to ultraviolet radiation; some samples, subsequently, exposed for one hour to H-4 lamp (liquid photoreactivation) and others frozen; part used for frozen control and others exposed for one hour at -70 C to H-4 lamp (frozen photoreactivat.ion).
made to produce maximum photoreactivation since the main interest was phenomenological. When bacterial samples which were exposed to ultraviolet radiation in the liquid phase (+5 C) were frozen (-70 C), melted, and plated, a further reduction of viable cells was observed (curve 3). A portion of these ultraviolet radiated samples, while frozen (-70 C), was exposed for photoreactivation (60 min) to the H-4 lamp. The data are represented by curve 4, indicating that here instead of photoreactivation, a further photoinactivation has taken place. The immediate question was raised as to whether this inactivation in the frozen state by the H-4 lamp was associated with the injurious action of previous ultra-violet exposure or was a relatively independent phenomenon. Experiments were then performed with frozen bacteria (not previously radiated by ultraviolet), which indicated that the H4 lamp itself produces inactivation of E. -coli. Curve 4 demonstrates that the number of viable cells is reduced about 1 log unit (zero ultraviolet exposure time) by exposure for 60 min to the HA lamp. Preliminary information indicates that an extension of the exposure time up to several hours does not produce any noticeable increase in inactivation. In order to avoid the effect of prolonged storage, parallel samples were kept frozen in the dark and served as controls.
When E. coli was exposed to the H4 lamp at +5 C in the liquid phase for 60 min, no noticeable reduction of viable cells took place. From this it was concluded that the H4 lamp is capable of producing inactivation of bacteria only while in the frozen state.
A similar series of experiments was performed as previously described. Here, however, the inactivation took place in the frozen state (-70 C). When E. coli was melted and exposed to the H4 lamp for 60 mi, a partial photoreactivation took place. However, exposure to the H4 lamp in the frozen state for the same period was again associated with further reduction in the number of viable organisms. Both series of experiments have demonstrated that photoreactivation is a process which takes place only in the liquid phase; however, it is suggested that the degree of recovery is less when inactivation takes place in the frozen state.
Inactivation of E. coli at -70 C by radiation with the H-4 lamp. Ultraviolet inactivation in the frozen state followed by H4 lamp exposure in liquid phase produced photoreactivation. It was assumed that if the inactivation mechanism in the frozen state by ultraviolet and H4 lamp radiation is similar, the photoreactivation in the liquid phase should follow in both cases. Five samples were exposed simultaneously at -70 C to the HA lamp for 60 mi, melted, part of the sample removed for plating, and the remaining sample exposed in the liquid state again to the H4 lamp. Data with necessary controls are presented in table 1. The original liquid sample lost 0.47 log units of viable cells by the freezing process. By exposing the frozen sample to the H4 lamp, a further reduction of about 0.9 log units of viable organisms took place (column 1). Subsequent exposure of the same organisms to the H4 lamp in the liquid phase did not produce photoreactivation (column 2); instead a small decrease of the number of viable organisms was indicated. This small decrease is probably not-too significant, but suggests that bacterial cells, weakened by the freezing process, become more vulnerable to the H4 lamp radiation. One isolated experiment was performed in which E. coli was frozen for 60 min, melted, and exposed for 60 mim more in the liquid state to the H-4 lamp. Here also a reduction of 0.25 log units of the number of viable cells is observed, which seems to agree with previous observations. However, more statistical work is needed for final conclusions.
It was of interest to locate the region of the action spectra of the H4 lamp producing low temperature inactivation of E. coli. Only a limited number of filters were available, and by screening experiments, action of some spectral regions was studied. Data are represented in table 2. The lower range of H-4 lamp emission spectra is about 3,000 A through the glass globe enclosing the mercury lamp. Experiments reveal that the inactivation rate is about the same for the spectral region of 3,000 to 4,000 A. Greater inactivation is produced in TABLE 1 Inactivation of Escherichia coli, at -70 C, by radiation with H-4 lamp (no ultraviolet) E. coli samples exposed for 1 hour, at -70 C to H-4 lamp, after exposure samples liquefied and plated (1), three of the remaining samples were exposed in liquid (+7 C) state again to H-4 lamp for 1 hour and plated (2).
L.C.-liquid control F.C.-frozen control (frozen for one hour) F.L.E.C.-samples frozen (-70 C for one hour, liquefied (+5 C), exposed for 1 hour to H-4 lamp and plated). Influence of time factors on photoreactivation. It is known that the rate of photo-reactivation in the liquid phase is dependent on the time interval between the inactivating and photoreactivating processes (Kelner, 1949) . Experiments were performed in which bacterial samples were exposed to ultraviolet at -55 C for 30 sec and subsequently stored at -10 C. Samples were removed at various time intervals, melted, and photoreactivated. Up to 6 days (longest experimental interval) no marked change in ability to recover was observed.
DISCUSSION
It is significant that in the frozen state ultraviolet radiation produces inactivation of E. coli, strain B. This phenomenon seems to offer some new aspects for study of the photobiological phenomenon in general. Our previous ultraviolet radiation studies on amino acids, proteins, and other biologically significant compounds (Heinmets, to be published) revealed that some photochemical reactions take place at subfreezing temperatures of water, but others needed additional constituents in this medium in order to produce the reaction. A few proteins studied were subject to photochemical changes in pure -water in the frozen state. In this respect, the behavior of the bacteria seems to be similar to that of proteins. Obviously no direct conclusion concerning the photobiological mechanism can be made.
The effect of the medium (in frozen state) on the rate of ultraviolet inactivation of E. coli is demonstrated by studies of the influence of pH, presence of 02, and absence of external water (dry state). The pH (range 6 to 10) effect on ultraviolet inactivation of E. coli in the liquid phase is not pronounced, but combined injury by radiation and freezing is capable of producing an increased'degree of damage to the bacterial cell. The influence of the other environmental factors on the inactivation rate can only be analyzed when more sufficient data are available.
Inactivation of bacteria in frozen state by the spectra of the HA lamp (3,000 to 4,000 A region) seems to be an irreversible process; because present data do not reveal any photoreactivation effect. Ultraviolet inactivation produced either in frozen or liquid states can be reversed only when the photoreactivating process is performed in the liquid state. This suggests that the inactivation process represents the only true photochemical reaction.
Photochemical injury of E. coli, strain B/r, by ultraviolet radiation in the liquid state can be reversed only within a few hours after radiation by'photoreactivation spectra (Kelner, 1949) . However, in our experiments 'injury by ultraviolet radiation in the frozen state was reversed even after much' longer storage time. This demonstrates the stability of such photobiological injury at low temperatures.
SUMMARY
Inactivation of Escherichia coli, strain B, by ultraviolet radiation takes place also at subfreezing temperatures. The rate of inactivation is increased by the presence of 02. At the pH range 8 to 10, the inactivation rate is accelerated with increasing alkalinity only in the frozen state but not in the liquid phase.
Photoreactivation of ultraviolet radiated E. coli takes place only in the liquid phase, while exposure of the same samples in the frozen state to photoreactivation spectra produces further inactivation. Also, when bacteria are frozen without previous exposure to ultraviolet and subjected to photoreactivation spectra (3,000 to 4,000 A region), only a partial, but irreversible, inactivation takes place.
